Neonatal hyperbilirubinemia is frequent and severe in Japanese infants. Although the G71R mutation of the bilirubin uridine diphosphate-glucuronosyltransferase gene is associated with severe neonatal hyperbilirubinemia in this population, it accounts for only half of the neonates with severe hyperbilirubinemia. It was suggested that increased bilirubin production would also be associated with severe neonatal hyperbilirubinemia in Japanese infants. To elucidate the genetic factors causing severe hyperbilirubinemia in these patients, we studied two notable factors associated with bilirubin production: heme oxygenase-1, a key enzyme of heme metabolism, and fetal Hb composition, a factor possibly associated with heme load in neonates. We first determined the sequences of promoter and all coding regions of the heme oxygenase-1 gene in Japanese neonates who had undergone phototherapy, but found no mutation except for the polymorphic (GT) n repeats in the promoter region. These repeats modulate the transcription of the heme oxygenase-1 gene, and the longer repeat sequences are known to reduce the transcription. We detected a significant difference in the allele frequencies of each number of (GT) n repeats between Japanese and German populations. However, we could not find a relation between those polymorphisms and neonatal hyperbilirubinemia. We next analyzed the state of Hb switching of the ␥-to ␤-globin chain and the phenotype of ␥-globin chain isoforms in cord blood. We found no relation between fetal Hb composition and neonatal hyperbilirubinemia. Further studies are required to elucidate genetic or environmental factors in neonatal hyperbilirubinemia in Japanese infants. (Pediatr Res 54: 165-171, 2003) Abbreviations B-UGT, bilirubin uridine diphosphate-glucuronosyltransferase (EC 2.4.1.17) HO-1, heme oxygenase-1 (EC 1.14.99.3) CO, carbon monoxide HbF, fetal hemoglobin TCBR, transcutaneous bilirubinometer reading Unconjugated hyperbilirubinemia in the neonate is a physiologic and transitional phenomenon that is very common. Physiologic unconjugated hyperbilirubinemia of the neonate is called neonatal hyperbilirubinemia or neonatal jaundice. The term physiologic means that the neonate has no evidence of diseases causing unconjugated hyperbilirubinemia such as hemolytic anemias and does not carry variable risk factors associated with neonatal unconjugated hyperbilirubinemia such as maternal diabetes, prematurity, and so on (1).
Neonatal hyperbilirubinemia is frequent and severe in Japanese infants. Although the G71R mutation of the bilirubin uridine diphosphate-glucuronosyltransferase gene is associated with severe neonatal hyperbilirubinemia in this population, it accounts for only half of the neonates with severe hyperbilirubinemia. It was suggested that increased bilirubin production would also be associated with severe neonatal hyperbilirubinemia in Japanese infants. To elucidate the genetic factors causing severe hyperbilirubinemia in these patients, we studied two notable factors associated with bilirubin production: heme oxygenase-1, a key enzyme of heme metabolism, and fetal Hb composition, a factor possibly associated with heme load in neonates. We first determined the sequences of promoter and all coding regions of the heme oxygenase-1 gene in Japanese neonates who had undergone phototherapy, but found no mutation except for the polymorphic (GT) n repeats in the promoter region. These repeats modulate the transcription of the heme oxygenase-1 gene, and the longer repeat sequences are known to reduce the transcription. We detected a significant difference in the allele frequencies of each number of (GT) n repeats between Japanese and German populations. However, we could not find a relation between those polymorphisms and neonatal hyperbilirubinemia. We next analyzed the state of Hb switching of the ␥-to ␤-globin chain and the phenotype of ␥-globin chain isoforms in cord blood. We found no relation between fetal Hb composition and neonatal hyperbilirubinemia. Further studies are required to elucidate genetic or environmental factors in neonatal hyperbilirubinemia in Japanese infants. Unconjugated hyperbilirubinemia in the neonate is a physiologic and transitional phenomenon that is very common. Physiologic unconjugated hyperbilirubinemia of the neonate is called neonatal hyperbilirubinemia or neonatal jaundice. The term physiologic means that the neonate has no evidence of diseases causing unconjugated hyperbilirubinemia such as hemolytic anemias and does not carry variable risk factors associated with neonatal unconjugated hyperbilirubinemia such as maternal diabetes, prematurity, and so on (1).
Bilirubin production is increased in the neonate because of larger erythrocyte volume, shortened erythrocyte life span, heme and heme precursors degraded from the fetal extramedullary hematopoietic tissue, and, possibly, increased turnover of cytochromes (2) . In addition, the ability to conjugate bilirubin is extremely low in the neonate; the B-UGT activity of neonates at term is about 1% of adult values (3). Neonatal hyperbilirubinemia is also probably associated with other factors such as an immaturity of hepatic uptake and intracellular transport, and increased enterohepatic circulation. Thus, an imbalance between the production and elimination of bilirubin results in various level of hyperbilirubinemia in every neonate.
The differences in the incidence and intensity of neonatal hyperbilirubinemia among different races are well known. This study was approved by the Ethics Committee of the Yamagata University School of Medicine. With informed consent from the parents, we collected the umbilical cord blood of neonates born at Yamagata University Hospital between 1999 and 2001 for genomic DNA extraction and Hb separation. Twenty-seven subjects who had undergone phototherapy were recruited from the four hospitals in Yamagata prefecture between 1997 and 1998, and their peripheral blood was collected with their parents' consent for genomic DNA extraction. The neonates whose birth weights were Ͻ2500 g and whose gestational age was Ͻ36 wk were excluded. We also excluded neonates who had factors that would affect the level of serum bilirubin such as hemolytic anemia, neonatal asphyxia, maternal diabetes, congenital heart or intestine malformation, infections, drug administrations, and parenteral fluid therapies. We finally studied 122 subjects with umbilical cord samples, three of whom underwent phototherapy. Genomic DNA samples from German controls, collected from 89 healthy younger adults at a Munich blood center in 1994, were also used.
Genomic DNA was extracted from the white blood cells by a standard method, and globin samples were prepared as described (14) .
Hyperbilirubinemia Assessment and Criteria for Phototherapy
Hyperbilirubinemia of the neonate was assessed with a jaundice meter (model 102; Minolta, Osaka, Japan) once a day, at the same time, during hospitalization or at least during the first week of life. When the reading of the TCBR reached the criterion for further evaluation, total serum bilirubin concentration was measured. Phototherapy was initiated if the measured bilirubin level exceeded the criterion as follows: 102. 
B-UGT Gene Analysis
The TATA element in the promoter region of the B-UGT gene was analyzed as previously reported (4) . The G71R mutation of the B-UGT gene was studied by Esp3I restriction analysis.
HO-1 Gene Analysis
Sequence analysis of the promoter and cording regions of the HO-1 gene. The promoter region (up to 480 bp upstream from the initiation codon) and all coding regions of the HO-1 gene were amplified by PCR and their sequences were directly determined. Table 1 shows each primer set for PCR, designed based on genomic information of the HO-1 gene. Sequences were determined by the dideoy dyeterminator cycle method on an ABI PRISM Genetic Analyzer 310 (Applied Biosystems, Foster City, CA, U.S.A.).
(GT) n repeats analysis. The 5'-flanking region containing a (GT) n repeat sequence of the HO-1 gene was amplified according to previous methods (11) . The primer sequence and PCR condition are shown in Table 1 . The size of the PCR product 166 was analyzed using a Genescan application on an ABI PRISM Genetic Analyzer 310 with Genescan-350 TAMRA (Applied Biosystems) as a size marker.
Globin Chain Analysis
Composition of each globin chain in HbF was analyzed using reverse-phase HPLC with a Wakosil 5C18 -200 column (4.6 ϫ 200 mm) (Wako Chemicals, Osaka, Japan) and Hitachi 638 -30 (Hitachi, Ltd., Tokyo, Japan). The chromatograph was developed with the gradient of 30 -43.6% acetonitrile in 0.1% trifluoroacetic acid for 80 min at 20°C, and the flow rate was 1 mL/min. Absorbance at 220 nm was read using a UV monitor (Hitachi, Ltd.) and the relative quantities of each globin fraction were measured by the area ratio of the absorption. The percentage of HbF to total Hb (HbF%) was calculated as follows: HbF% ϭ total ␥ ϫ 100/[␤ ϩ total ␥].
Statistical Analysis
The gestational age, birth weight, and ratio of breast-fed to formula-fed of the two groups were compared using the unpaired t test. Comparisons of the distributions between the two groups were analyzed using 2 test. Analysis of the TCBR among the three or six groups on each day was performed with the Kruskal-Wallis test, and TCBR of the two groups was compared using the Mann-Whitney U test. Correlations between HbF% and other variables were analyzed using simple regression. Characteristics of the three groups were analyzed by one-way ANOVA and Fisher's protected least significant difference.
RESULTS

Subjects' characteristics.
One hundred and twenty-two subjects with umbilical cord blood samples and 27 subjects who had undergone phototherapy were recruited for this study. A total of 30 subjects underwent phototherapy (PT group) and another 119 subjects did not require any treatment (non-PT group). There was no significant difference between the PT and non-PT groups in birth weight, gestational age, and the ratio of breast-fed to formula-fed. We found heterozygous or homozygous G71R mutation of the B-UGT gene in 16 of 30 subjects (mutated allele frequency, 0.28) in the PT group and 38 of 119 (mutated allele frequency, 0.18) in the non-PT group. None of the subjects in the PT group and 20 in the non-PT group (mutated allele frequency, 0.08) had heterozygous (TA) 7 mutation in the promoter of the B-UGT gene.
Mutation analysis of the promoter and coding regions of the HO-1 gene in Japanese neonates who had undergone phototherapy. We analyzed the sequences of the promoter and all coding regions of the HO-1 gene in the five Japanese subjects who underwent phototherapy (PT group) and had neither G71R nor (TA) 7 mutations of the B-UGT gene. They showed no mutation in these regions except for the polymorphic and variable (GT) n repeats in the promoter.
Comparison of the distribution of the numbers and genotypes of polymorphic (GT) n repeats in the HO-1 gene in Japanese and German subjects. We first compared the distributions of allele frequencies at each number of (GT) n repeats in the promoter of the HO-1 gene in Japanese and German subjects (Fig. 1A) . One hundred and twenty-two subjects whose cord blood samples were collected were regarded as Japanese controls. To analyze the difference in the distribution of the allele frequency between Japanese and German subjects, we divided the numbers of (GT) n repeats into three classes according to the previous methods. For the alleles of 26 or less, from 27 to 32, and 33 or greater, their numbers of repeats were designated as "S class allele," "M class allele," and "L class allele," respectively (11). Table 2A shows the allele frequencies of S, M, and L classes in Japanese and German subjects. There was a significant difference in the allele distribution between these populations (p Ͻ 0.001). Analysis of the numbers of each allele class between Japanese and German subjects showed that the Japanese had significantly more S and L class alleles (p ϭ 0.006 and p Ͻ 0.001, respectively) and less M class alleles than did the Germans (p Ͻ 0.001). We also compared the genotypes determined by combination of the classes of two alleles in each subject. There was a significant difference in the distribution of the genotypes between Japanese and Germans (p Ͻ 0.001) ( Table 2A) .
Comparison of the distribution of the numbers of polymorphic (GT) n repeats in the HO-1 gene in the Japanese PT and non-PT groups. To study whether the number of (GT) n repeats was associated with the frequency and severity of neonatal hyperbilirubinemia in Japanese neonates, we compared these allele frequencies in Japanese neonates with and without phototherapy. There was no significant difference in the distribution of allele frequencies of S, M, and L classes between PT and non-PT groups (Fig. 1B and Table 2B ). To eliminate the effects of the G71R or (TA) 7 mutations of the B-UGT gene, we excluded the subjects with those mutations from the groups and also found no significant difference between the PT and non-PT groups (Table 2C) .
Similarly, there was no significant difference in the genotypes between the PT and non-PT groups, even in the subjects without the G71R or (TA) 7 mutations (Table 2C) .
Relation between the genotypes of polymorphic (GT) n repeats and TCBR. To confirm the effect of (GT) n repeats on bilirubin metabolism of neonates, we also analyzed the relation between the genotypes and TCBR on d 0 -5 in Japanese neonates. We excluded the subjects with the G71R or (TA) 7 mutations of the B-UGT gene and found no significant difference in TCBR among genotypes on d 0 -5 (Fig. 2) .
Hb composition by HPLC analysis in Japanese neonates. The compositions of the globin chains in cord blood samples were analyzed in 69 Japanese subjects without G71R or (TA) 7 showed Ն80% of G ␥%, and may have triple or quadruple ␥-globin gene arrangements, as previously reported (13, 17 Relation between HbF% or ␥-globin chain composition and TCBR. According to the values of HbF%, we divided the subjects into three groups: the high HbF% group, Ͼ90% (mean ϩ 1.0 SD) of HbF%; the middle HbF% group, 80 -90%; low HbF% group, Ͻ80% (mean Ϫ 1.0 SD). Figure 3 shows the TCBR for these three groups on d 0 -5. There were correlation tendencies between the values of HbF% and TCBR on d 3-5. Significant differences were observed between the high HbF% 168 group and the low HbF% group on d 4 and between the high HbF% group and middle HbF% group on d 5. However, there was no significant difference among the three groups. As for characteristics, there were significant differences in gestational age and birth weight among those three groups (Table 3 ). Significant inverse correlations were observed between HbF% and gestational age (r ϭ Ϫ0.45, p ϭ 0.001), and between HbF% and birth weight (r ϭ Ϫ0.30, p ϭ 0.01). To decrease the effect of gestational age and birth weight, we analyzed the subjects within the range of mean Ϯ 1.0 SD of gestational age (277.7 Ϯ 9.1 d) and birth weight (3159.5 Ϯ 317.1 g). As shown in Figure 4 , there was no significant difference in TCBR among the three groups.
We studied the relation between the types of A ␥-globin chain composition and TCBR. As shown in Figure 5 , there were no significant differences among the three types of A ␥-globin chain composition on d 0 -5. We also checked the TCBR of the six subjects with Ն80% of G ␥% and two subjects with Ͻ50% of G ␥% compared with all other subjects and found no significant difference in the TCBR.
DISCUSSION
Neonatal hyperbilirubinemia is a physiologic phenomenon, but a significant difference is well known in its incidence and intensity among different races. Theoretically, indirect hyperbilirubinemia may be caused by either overproduction or impaired metabolism of bilirubin, or both. In 1998, we elucidated that the G71R mutation of the B-UGT gene is very common among Japanese, Koreans, and Chinese and is associated with the high incidence and severity of neonatal hyperbilirubinemia in Japanese infants (4, 5) . However, we noticed that half of the neonates with severe neonatal hyperbilirubinemia did not carry the G71R mutation. In addition, there are several studies that reported that an increase in bilirubin production is possibly associated with the neonatal hyperbilirubinemia in Asians including Japanese (6 -9) . In the present study, we tried to identify the genetic factors that may cause the overproduction of bilirubin leading to neonatal hyperbilirubinemia, and investigated the HO-1 gene, a gene encoding a key enzyme of heme metabolism, and ␥-globin chain composition as factors possibly associated with heme load in neonates. HO is a rate-limiting enzyme in the metabolic pathway of heme degradation and has three isoforms-HO-1, HO-2, and HO-3. HO-1 is widely distributed in tissues, predominantly in the spleen (18, 19) , and is inducible with various stimuli such as hemin, heat shock, ischemia, and so on. HO-1 has approximately 10-fold higher V max and one half of K m compared with HO-2 (19, 20) . HO-2 locates mainly in the brain and testis, and is constitutively active and unresponsive to any inducers of HO-1 (19, 20) . HO-3 is ubiquitously expressed, but has an extremely low catalytic activity (19) . In addition, a patient with HO-1 deficiency showed a symptom of impaired Hb heme degradation (21) . On the basis of those biochemical findings, it is suggested that HO-1 plays a predominant role in the degradation of Hb heme, a major source of bilirubin.
We first determined the sequences of the HO-1 gene of the subjects with neonatal hyperbilirubinemia and could not find any mutations in the promoter and coding regions of the HO-1 gene that would cause a change in the transcription or the kinetics leading to more enzyme activity. We only detected a polymorphic (GT) n dinucleotide repeat sequence in the promoter region, which modulates the gene transcription. Longer (GT) n repeat sequences are known to reduce the transcription of the HO-1 gene. It was probable that most Japanese neonates and the subjects who had undergone phototherapy due to severe neonatal hyperbilirubinemia (PT group) would have shorter (GT) n repeats compared with most Caucasians and the subjects who had not undergone phototherapy (non-PT group), respectively. There was a significant difference in the distribution of the numbers of (GT) n repeats of the HO-1 gene between Japanese and German subjects. Japanese subjects had significantly shorter (GT) n repeat alleles than German subjects, however, the Japanese also showed an increase in the allele frequency or the genotypes of longer (GT) n repeats compared with the Germans. In addition, we did not find an increase in the allele frequency or the genotypes of shorter (GT) n repeats in the PT group compared with the non-PT group, and a correlation between the genotypes of (GT) n repeats and TCBR. We could not deny the possibility that the unique distribution of genotype of (GT) n repeats in Japanese may be associated with severe neonatal hyperbilirubinemia, however, it is not probable that a genotype of (GT) n repeats of the HO-1 gene is a factor that directly causes severe neonatal hyperbilirubinemia in Japanese infants.
We then studied the relation between neonatal hyperbilirubinemia and the state of Hb switching or the phenotype of ␥-globin chain isoforms. Analysis of the neonates of Ն36 wk of gestational age showed that HbF% was apparently correlated with TCBR on d 3-5. However, the group with higher HbF% consisted of the neonates of younger gestational ages and lower birth weights. A significant correlation between HbF% and TCBR was probably caused by the heterogeneity of each group in gestational age and birth weight. A correlation between HbF% and TCBR reflected a correlation between immaturity of the neonates and neonatal hyperbilirubinemia. The present study also showed that there was no correlation between the phenotype of ␥-globin chain isoforms and TCBR. We could not find a significant relation between the genetic factors associated with a Hb switching of the ␥-to ␤-globin chain or a specific phenotype of ␥-globin chain isoforms and neonatal hyperbilirubinemia in Japanese.
As for the bilirubin production, some studies reported that the bilirubin production estimated by CO production was increased in Japanese or Asian neonates compared with that in other races (6 -9) , but other studies did not (9, (22) (23) (24) . One study of Japanese neonates collected specimens from those who lived in Japan (6) , and other studies of Japanese used specimens from those who lived in other countries (22, 24) . These data may suggest that some environmental factors are associated with severe neonatal hyperbilirubinemia in Japanese.
Uetani et al. (25) reported that blood carboxyhemoglobin (HbCO) corrected for ambient CO (HbCOc) level in ABOcompatible Japanese neonates with hyperbilirubinemia was higher compared with that in ABO-compatible Japanese neonates without hyperbilirubinemia at 72 h of age. Okumura et al. (26) found that end-tidal CO (ETCO) corrected for ambient CO (ETCOc) levels in hyperbilirubinemic neonates was significantly higher than that in nonhyperbilirubinemic neonates at 42, 48, 54, and 66 h of age. CO production can serve as an index of heme degradation and bilirubin formation because of the equimolar production with bilirubin by the reaction of HO. The generated CO binds to the Hb in the red cells to form HbCO, and the HbCO levels are in equilibrium with CO excretion via the lungs under steady-state conditions. Therefore, measurements of pulmonary excretion rate of CO or ETCOc as well as HbCOc are also good indices of heme degradation and bilirubin production. Measurements of HbCO, however, are disturbed by HbF or the blood oxygen saturation in some methods (9) . ETCOc is probably influenced by neonatal pulmonary function. In addition, Ն10% CO may be nonenzymatically produced from nonheme resources such as photooxidation of organic compounds and lipid peroxidation (8) . It is unclear whether an increase in CO production in neonatal hyperbilirubinemia exactly reflects an increase in HO reaction, and whether an increased HO reaction contributes to neonatal hyperbilirubinemia. However, the HO reaction is probably increased in Japanese and other Asian neonates with hyperbilirubinemia as a result of genetic and/or environmental factors. HO-1 is induced by various stresses. It is possible that a stress-inducing HO-1 may also disturb the bilirubin metabolism coincidentally.
In conclusion, we analyzed the HO-1 gene in Japanese neonates with severe hyperbilirubinemia and found no mutation except for the polymorphic (GT) n repeats in the promoter region. We detected a significant difference in the allele frequencies of each number of (GT) n repeats between Japanese and German subjects. However, we could not find a relation between those polymorphisms and neonatal hyperbilirubinemia. We also analyzed the state of Hb switching of the ␥-to ␤-globin chain and the phenotype of ␥-globin chain isoforms in cord blood, and found no relation between the HbF composition and neonatal hyperbilirubinemia. Further studies are required to elucidate the genetic or environmental factors in neonatal hyperbilirubinemia in Japanese infants.
